In the nervous system, both peripheral and central injuries produce cortical reorganization, which is reflected in functional and plastic changes in the long-term. Frequently, the cortical changes induced by central or peripheral deafferentation can contribute to the development of pathologies such as phantom sensations[@b1][@b2] or neuropathic pain[@b3][@b4][@b5]. To fully understand the mechanisms leading to long-term cortical reorganization, it is necessary to study the changes that occur in the cortex immediately after the deafferentation.

Focusing in models of spinal cord injury, we recently characterized the cortical responses to peripheral stimulation above the level of the lesion immediately after a complete thoracic transection[@b6][@b7] or thoracic hemisection[@b8]. Our results show an increment in the amplitude of the responses evoked in the somatosensory cortex by stimuli delivered to the forepaw, above the lesion level. These changes in the responses have both a state-dependent component, due to a global change in cortical state[@b6], and a state-independent component, due to more classical unmasking mechanisms at cortico-subcortical level[@b7][@b8]. Interestingly, these increased responses to forepaw stimuli are not observed only in the hindpaw cortex, which is deafferented by the thoracic spinal cord injury, but also in the forepaw cortex, which would be classically considered as non-deafferented. However, in control animals the hindpaw cortex does display small responses to forepaw stimuli[@b6][@b9][@b10], suggesting that the loss of input from the hindpaw produces a partial deafferentation also of the forepaw cortex. If this interpretation is correct, an increment in the responses evoked in the forepaw cortex by forepaw stimuli should be observed not only after central hindpaw deafferentation due to spinal cord injury, as in our previous studies, but also immediately after peripheral hindpaw deafferentation due to nerve injury. This hypothesis is supported by numerous classical studies showing immediate reorganization between the deafferented cortex and surrounding cortical areas after peripheral nerve injuries or amputations[@b11][@b12][@b13][@b14][@b15][@b16]. As far as we know, however, whether this immediate cortical reorganization after peripheral nerve injury can extend as far as across the cortical representations of different paws remains unknown.

To test this hypothesis we performed experiments in 29 male anesthetized rats, which were divided in three groups ([Fig. 1A,B](#f1){ref-type="fig"}): (1) animals that received a peripheral injury to the hindpaw, consisting of a complete section of both the sciatic and saphenous nerves (n = 11); (2) animals that received a pharmacological block of the same peripheral nerves by injection of lidocaine (n = 10); (3) sham animals (n = 8). We specifically investigated the possible changes in the responses evoked in the forepaw cortex[@b17] by electrical stimuli delivered to the forepaw, as well as possible changes in cortical spontaneous activity, within two hours after injury or pharmacological block of the peripheral nerves in the hindpaw.

Results
=======

Cortical LFP responses to forepaw and hindpaw stimuli in normal animals
-----------------------------------------------------------------------

We first studied the cortical evoked responses, measured by the local field potentials (LFPs) as in our previous works[@b6][@b7][@b18][@b19]. In intact animals (P0), the responses evoked in the forepaw cortex by forepaw stimuli displayed greater amplitude than the responses evoked in the hindpaw cortex by hindpaw stimuli ([Fig. 1C](#f1){ref-type="fig"}, [Table 1](#t1){ref-type="table"}). Forepaw stimuli also evoked responses in the hindpaw cortex, which were almost one order of magnitude smaller than the responses evoked in the forepaw cortex ([Fig. 1C](#f1){ref-type="fig"}, [Table 1](#t1){ref-type="table"}). Similarly, hindpaw stimuli also evoked small responses in the forepaw cortex ([Table 1](#t1){ref-type="table"}). These observations are consistent with our previous results[@b6][@b7][@b10].

Increased responsiveness of the forepaw cortex to forepaw stimuli after peripheral deafferentaiton of hindpaw inputs
--------------------------------------------------------------------------------------------------------------------

Immediately after peripheral nerve injury or pharmacological block of axonal conduction of sciatic and saphenous nerves, the responses evoked at cortical level by hindpaw stimuli were abolished, confirming that the lesion/block of saphenous and sciatic nerves was complete ([Fig. 1C](#f1){ref-type="fig"}, [Table 1](#t1){ref-type="table"}). The amplitudes of LFP responses evoked in the forepaw cortex by forepaw stimuli changed in time depending on the experimental group (two-way mixed ANOVA, interaction TIME x GROUP: F(6,78) = 3.2, p = 0.0073), significantly increasing both after nerve injury (follow-up one-way ANOVA: F(3,30) = 4.59, p = 0.0093) and after pharmacological block (F(3,27) = 3.25, p = 0.0373), but not in sham animals (F(3,21) = 1.64, p = 0.21; [Fig. 1C,D](#f1){ref-type="fig"}; [Table 1](#t1){ref-type="table"}). Specifically, the increased LFP responses reached significance in the third protocol, both after the injury (Dunnett post-hoc test: p = 0.0027) and after the pharmacological block (p = 0.0178) -- despite partial recovery of hindpaw responses after block ([Table 1](#t1){ref-type="table"}). Note that the results on animals that received nerve injury remain significant after over-conservative Bonferroni correction (i.e. p\<0.05/3 = 0.0166). When animals that received nerve injury or pharmacological block were pooled together (one-way ANOVA; F(3,60) = 7.3, p = 0.0003) the increased responsiveness reached significance already in the first protocol after deafferentation (Dunnett test; p = 0.0289), transiently lost significance in the second protocol (p = 0.12) and was again highly significant in the third protocol (p\<0.0001). These findings confirm our hypothesis that hindpaw peripheral deafferentation affects the responses evoked in the forepaw cortex by forepaw stimuli.

Local origin of the increased cortical responses
------------------------------------------------

Because LFPs can in principle be influenced by distant sinks and sources, one might wonder whether the increased forepaw LFP responses might reflect far-field alterations that are really occurring in the deafferented hindpaw cortex. Even though the high impedance of our recording electrodes make this possibility unlikely, we explicitly ruled it out by quantifying the amplitude of LFP responses evoked in the hindpaw cortex by forepaw stimuli. In animals that received nerve injury or block (n = 21), the amplitude of hindpaw LFP responses to forepaw stimuli showed only a tendency to increase in the third protocol after deafferentation (paired t-test, p = 0.09; [Fig. 1C](#f1){ref-type="fig"}; [Table 1](#t1){ref-type="table"}) and the average net response increase in the hindpaw cortex (0.02+/−0.05 mV) was one order of magnitude smaller than the average net response increase in the forepaw cortex (0.22+/−0.24 mV). We also confirmed the main result of increased responsiveness of the forepaw cortex to forepaw stimuli in the third protocol after nerve injury/block by quantifying the responses from the rectified multi-unit activity (rMUA) of the forepaw cortex (P0: 5.6+/−3.9 arbitrary units; P3: 6.4+/−4.2 a.u.; paired-t test: p = 0.0255; n = 21). These results support the local origin of the increased responsiveness of the forepaw cortex to forepaw stimuli after deafferentation of hindpaw inputs.

The increased cortical responsiveness is not due to gross changes in the state of cortical spontaneous activity
---------------------------------------------------------------------------------------------------------------

The observed increase in cortical responses could be due, at least in part, to a decreased cortical spontaneous activity[@b6][@b7][@b8]. To test if this was the case, cortical spontaneous activity was measured from the rMUA. We did not observe any changes in cortical spontaneous activity (three-way ANOVA; factor TIME and interactions with TIME: F\<1.2, p\>0.33). To verify that the absence of changes in cortical spontaneous activity was not due to a lack of statistical power, we repeated the analyses with progressively less conservative approaches. We did not find any statistical difference either when only "injury" and "block" experiments (i.e. without "sham" experiments) were analyzed together (three-way ANOVA: p\>0.25), or separately (two-way ANOVAs: p\>0.33). Furthermore, when hindpaw cortex and forepaw cortex were analyzed separately in each experimental group, in "block" experiments we did not find any difference in either cortex (one-way ANOVAs; p\>0.29), in "injury" experiments we did not find any difference in the hindpaw cortex (p = 0.75), whereas the spontaneous activity tended to increase -- rather than decrease -- in the forepaw cortex (F(3,30) = 2.9, p = 0.0508): compared to baseline (6.8+/−1.3 uV), spontaneous activity tended to increase in the first protocol (7.5+/−2.0 uV; Dunnett, p = 0.07), increased in the second protocol (7.6+/−2.3 uV; p = 0.0278) but not in the third protocol (7.3+/−1.5 uV; p = 0.26). Finally, in 8 of 11 animals that received peripheral nerve injury, after the third protocol post nerve injury, we performed a complete transection of the spinal cord at thoracic level (T9/T10), with the same techniques as in our previous works[@b6][@b7]. The spinal cord injury induced the expected decrease in cortical spontaneous activity[@b6], as measured by a decrease mean rMUA (two-way ANOVA; PRE-POST spinal lesion: F(1,7) = 24.5, p = 0.0017). These observations confirm that the absence of changes in cortical spontaneous activity after nerve injury or pharmacological block was not due to a lack of statistical power. Therefore, the increased responses evoked in the forepaw cortex by forepaw stimuli after peripheral deafferentation of hindpaw inputs were not due to a gross decrease of cortical spontaneous activity.

Discussion
==========

The main result of the present work is that a complete deafferentation of hindpaw inputs induced by injury or pharmacological block of the peripheral nerves increases the responses evoked in the forepaw cortex by forepaw stimuli (above the level of the lesion) in anesthetized rats. There is a vast literature about cortical reorganization after peripheral injury (amputation or nerve injury) with altered cortical responses observed in the deafferented cortex or surrounding areas, both in the short-term[@b11][@b12][@b13][@b14][@b15][@b16] and in the long-term[@b20][@b21][@b22][@b23][@b24]. Our results show that the immediate cortical reorganization after peripheral deafferentation can extend as far as across cortical representations of different paws in the primary somatosensory cortex.

Our finding that a peripheral loss of inputs from the hindpaw can affect cortical forepaw responses might appear surprising at first glance. However, increasing evidence shows that in normal conditions the hindpaw cortex can be activated by forepaw stimuli, as measured by both extracellular electrophysiological techniques[@b9] and voltage-sensitive dye imaging[@b10][@b25][@b26]. Specifically, high-intensity stimulation of one extremity (forepaw or hindpaw) produces an intense response in the focus of the somatotopical corresponding place, and a gradient of weaker signal of neuronal activity that reaches the cortical representation of the other extremity[@b10]. A loss of hindpaw inputs thus represents a partial deafferentation of the forepaw cortex and can consequently alter cortical forepaw responses, as shown in our previous works with spinal cord injury[@b7][@b8] and in the present work with peripheral deafferentation.

Several mechanisms could contribute to the early cortical reorganization after deafferentation. Growth of new connections due to axonal sprouting in the deafferented cortex were observed as early as few hours after retinal lesions in monkeys[@b27] and after whisker plucking in rats[@b28]. Furthermore, the loss of dendritic spines and axonal buttons of inhibitory interneurons in the deafferented cortex observed as early as 6 h after retinal lesion[@b29] and the heterogeneous spine loss reported 3 days after spinal cord injury[@b26] point toward possible changes in the excitation/inhibition ratio. Even though the time window in which our changes take place is faster, within 2 h after lesion, we cannot exclude that similar mechanisms could contribute to our results. Another classical possible explanation for our findings is the unmasking of latent synapses, either at cortical level[@b13][@b30][@b31] or subcortical level[@b32][@b33][@b34][@b35] possibly associated with changes in the neuromodulatory regulation at thalamo-cortical level[@b36].

It is interesting to note that the progressive increase of forepaw responses observed here after peripheral deafferentation seems more similar to the progressive increase observed after spinal thoracic hemisection[@b8] than to the immediate increase observed after spinal thoracic transection[@b7]. This suggests that not only the magnitude, but also the temporal aspects of cortical reorganization might critically depend on the extent of the deafferentation. Progressive increase in cortical excitability might therefore be a common feature in partial deafferentation models. It is tempting to speculate that the tendency of increased spontaneous activity in the forepaw cortex described in our data might have contributed to the delayed increase of cortical responses after nerve injury (but note that this consideration does not apply to "block" experiments). Indeed, even though we can confidently exclude gross decreases of cortical spontaneous activity, the increased cortical responses could be mechanistically associated with subtler changes in spontaneous activity[@b18].

Central and peripheral deafferentation of hindpaw inputs can produce similar increase in forepaw evoked responses with different effects in cortical spontaneous activity. Further investigations of similarities and differences in cortical reorganization after central or peripheral injuries might have translational value to shed light into the common (or different) processes leading to long-term development of neuropathic pain after somatosensory deafferentation. So far, the results of the present study together with our previous work suggest that the forepaw somatosensory cortex is critically involved in the reorganization that starts immediately after the central or peripheral loss of hindpaw inputs.

Methods
=======

All experiments were performed following the rules of International Council for Laboratory Animal Science and the European Union regulation 2010/63/EU. The experimental methods were carried out in accordance with the approved guidelines of the Ethical Committee for Animal Research of the Hospital Nacional de Parapléjicos (Toledo, Spain).

Experimental procedures
-----------------------

The main experimental protocol was performed in the group of animals that received peripheral nerve injury (n = 11). Animals were anesthetized with urethane (1.5 g/kg, i.p.) and placed in a stereotaxic frame (SR-6 Narishige Scientific Instruments, Tokyo, Japan). Body temperature was kept at 36.5°C. Lidocaine 2% was applied over the body surface in contact with the frame and over the shaved areas for incisions. The skin of the lumbar zone (L1-S1) was softly removed and the sciatic and saphenous nerves on the left side of the body were exposed. A craniotomy was performed on the right side of the midline over the somatosensory cortex (antero-posterior: -2 to 2; medio-lateral: 1--5; ref. [@b17]) and the cisterna magna was opened. The recording electrodes (tungsten electrodes with 4--5 MΩ impedance at 1 kHz) were placed in the infragranular layers of the hindpaw and forepaw representations of the primary somatosensory cortex as described in our previous works[@b6][@b7][@b18][@b19].

We performed the control protocol (P0), which allowed us to record cortical evoked responses to stimulation of both extremities (forepaw and hindpaw) and cortical spontaneous activity with the intact animal ([Fig. 1A,B](#f1){ref-type="fig"}). We then sectioned the sciatic and saphenous nerves with a scissor, guided by a surgical microscope to ensure a complete section of both nerves without damaging the surrounding tissue and irrigation of the area. Immediately after the injury, few electrical stimuli at very-high intensity (10 mA) were applied to the deafferented hindpaw to confirm that no physiological responses were evoked in the cortex. Electrophysiological recordings were continuously acquired during the injury to confirm the stability of the recordings. The stimulation protocols were applied at three different times after the injury: 10--20 min (P1), 1 hour (P2) and 2 hours (P3).

The stimulation protocol consisted of a train of electrical pulses (100 stimuli at 0.5 Hz) applied subcutaneously in the wrist of the forepaw and the ankle in the hindpaw similarly to our previous works[@b6][@b7][@b18][@b19]. Here we specifically focused on high-intensity stimuli (5 mA) delivered to the forepaw, due to their ability to maximize cortical activation, consistently reaching the hindpaw cortex[@b10]

Another group of animals (n = 10) was used for the pharmacological experiments, in which few drops of lidocaine (2% in saline) -- a blocker of voltage-dependent sodium channels -- were applied to both the sciatic and saphenous nerves near the dorsal roots ganglia on the left side of the body. With this approach it was possible to reproduce the same effects of the section in terms of total deafferentation of the hindpaw, avoiding traumatic damage. The block of axonal conduction was verified by the absence of any cortical response to very-high-intensity (10 mA) hindpaw stimuli. As soon as the effect of the blocked axonal conduction was observed, we performed the same stimulation protocol described previously. The effects of lidocaine typically started decaying within 2 hour after the blockade. The experimental protocol was applied several times until a complete recovery of cortical responses evoked by hindpaw stimuli was observed.

A third group of animal was used to perform sham experiments (*n* = 8), in which the animals were kept with both nerves intact for the entire duration of the experiment. Besides the absence of peripheral nerve injury and block of the axonal conduction, the experimental protocol was the same as in injured animals.

Data analysis
-------------

Local field potential (LFP) responses were obtained by averaging across stimuli the raw signals recorded from the electrodes. LFP response amplitude was evaluated as the absolute value of the negative peak in the average response. The rationale for using the LFP response as our main measure is three-fold: (i) LFPs maximize our ability to detect cortical responses at a population level, integrating membrane potentials, synaptic inputs and action potentials; (ii) in our experience the LFP response detected in the infragranular cortical layers is more robust than measures that are sensitive only to action potentials, likely because LFPs integrate over larger neural populations (and are not distorted by possible population spikes, which instead can introduce variability after band-pass filtering at high frequencies); (iii) the infragranular LFP response was the main measure used in our previous studies[@b6][@b7][@b8][@b18][@b19], which allows direct comparison between studies to be performed. The latter reason is also valid for our choice of measuring the LFP response peak, which is particularly sensitive to the local synchronous response of the cortical population around the electrode. We also mesured the responses of the rectified multi-unit activity (rMUA), obtained by band-pass filtering the raw LFP signals at high frequencies (300-3000 Hz), rectifying the resulting signal, and averaging across stimuli. The magnitude of rMUA responses was evaluated as the sum of the rMUA response values in the first 50 ms post-stimulus, after subtracting the background. Spontaneous activity was quantified with the mean rMUA during 150-s periods immediately before the stimulation protocols, similarly to our previous studies[@b6][@b7][@b8][@b18][@b19].

Statistical analysis
--------------------

The amplitudes of LFP responses were entered in a two-way mixed ANOVA, with GROUP as first factor with 3 levels between-subjects (injury, block and sham experiments) and TIME as second factor with 4 levels within-subjects (P0, P1, P2 and P3). We then performed three separate follow-up one-way ANOVAs for each experimental group, or pooling injury and block animals together, testing the TIME factor.

The mean rMUA during periods of spontaneous activity was entered into a three-way mixed ANOVA, with GROUP as first factor with 3 levels between-subjects (injury, block and sham experiments), TIME as second factor with 4 levels within-subjects (P0, P1, P2 y P3) and CORTEX as third factor with 2 levels within-subjects (hindpaw and forepaw). We repeated the analyses on spontaneous activity with the following progressively less conservative approaches: we performed the same three-way ANOVA using only "injury" and "block" experiments (i.e. without "sham" experiments) to increase the power of the "time" factor; we performed two separate two-way ANOVAs on "injury" and "block" experiments; we performed four one-way ANOVAs on "injury" and "block" experiments, separately for hindpaw cortex and forepaw cortex in each experimental group separately. The mean rMUA before and after spinal cord injury was entered into a two-way repeated-measures ANOVA, with PRE-POST spinal lesion as first factor and CORTEX as second factor.

Dunnett test was used for all post-hoc comparisons. Additional comparisons between means were performed with paired t-test. Results were considered significant at p\<0.05.
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![Experimental protocol and evoked responses.\
(A) Extracellular recordings were made in the forepaw (FP) and hindpaw (HP) representations of the primary somatosensory cortex (Cx) in urethane-anaesthetized rats. Peripheral nerve injury or pharmacological block was performed to both the saphenous and sciatic nerves. (B) We studied both the spontaneous activity and the responses evoked by electrical stimuli delivered to the hindpaw and forepaw at high intensity (5 mA) before (P0: control protocol with intact animal) and after deafferentation at three different time points (P1, P2 and P3: 10-20 min, 1 hour and 2 hours after deafferentation respectively). The experiment was performed in three groups of animals: animals that received injury of the peripheral nerves (black), animals that received pharmacological blockade of the peripheral nerves (dark gray), sham animals with intact nerves (light gray). (C) Grand average of local field potential (LFP) responses evoked by high intensity (5 mA) stimuli delivered either to the contralateral forepaw (left: forepaw cortex; center: hindpaw cortex, enlarged in the inset) or hindpaw (right: hindpaw cortex) before (P0: black) and after peripheral nerve injury, (P1: dark grey; P3: light grey). (D) Left: evolution of the amplitude of the responses evoked in forepaw cortex by forepaw stimuli in the different group of animals (peripheral nerve injury: black; peripheral nerve block: dark grey; sham: light grey) over time (P1, P2 and P3). \*:p\<0.05; \*\*:p\<0.01. Right: Corresponding variability between animals. Note: the values of the evoked responses shown in Figure 1D are normalized in relation to value of the response in P0 (one subject in the injury group with very high values was excluded from the variability plot but included in the average and in the analyses). The responses evoked in the forepaw cortex by forepaw stimuli significantly increased after peripheral deafferentation of hindpaw inputs.](srep07278-f1){#f1}

###### Amplitude of cortical LFP responses recorded before and immediately after peripheral nerve deafferentation (by injury or pharmacological block), or sham lesion. HP: responses evoked in the hindpaw cortex; FP: responses evoked in the forepaw cortex. P0: protocol in intact animals, before deafferentation; P1: first protocol 10-20 min after deafferentation; P2: second protocol 1 hour after deafferentation; and P3: third protocol 2 hours after deafferentation. Values are means ± standard deviations

  Peripheral nerve injury (n = 11)                                                                                                      
  ----------------------------------- ------------- ------------- ------------- ------------- ------------- ------------- ------------- -------------
  High-intensity stimuli in FP (mV)    0.12 ± 0.05   1.14 ± 0.75   0.11 ± 0.05   1.26 ± 0.89   0.12 ± 0.05   1.27 ± 0.94   0.11 ± 0.05   1.35 ± 0.88
  High-intensity stimuli in HP (mV)    0.60 ± 0.30   0.04 ± 0.01       \-            \-            \-            \-            \-            \-

  Peripheral nerve block (n = 10)                                                                                                                               
  ----------------------------------- ------------- ------------- ------------- ------------- --------------------- --------------------- --------------------- ---------------------
  High-intensity stimuli in FP (mV)    0.15 ± 0.05   0.93 ± 0.44   0.15 ± 0.07   1.06 ± 0.54       0.16 ± 0.07           0.99 ± 0.51           0.19 ± 0.09           1.17 ± 0.48
  High-intensity stimuli in HP (mV)    0.78 ± 0.25   0.03 ± 0.03       \-            \-        0.16 ± 0.07 (n = 2)   0.02 ± 0.01 (n = 2)   0.28 ± 0.08 (n = 5)   0.02 ± 0.03 (n = 5)

  Sham (n = 8)                                                                                                                          
  ----------------------------------- ------------- ------------- ------------- ------------- ------------- ------------- ------------- -------------
  High-intensity stimuli in FP (mV)    0.14 ± 0.13   1.33 ± 0.81   0.14 ± 0.11   1.23 ± 0.70   0.16 ± 0.13   1.38 ± 0.78   0.16 ± 0.11   1.16 ± 0.64
  High-intensity stimuli in HP (mV)    0.61 ± 0.41   0.11 ± 0.10   0.52 ± 0.33    0.11 ± 10    0.58 ± 0.35   0.07 ± 0.06   0.49 ± 0.35   0.05 ± 0.05

![](srep07278-t1)
